Abstract Debilitating cardiomyocyte loss underlies the progression to heart failure. Although there have been significant advances in treatment, current therapies are intended to improve or preserve heart function rather than regenerate lost myocardium. A major hurdle in implementing a cell-based regenerative therapy is the inefficient differentiation of cardiomyocytes from either endogenous or exogenous stem cell sources. Moreover, cardiomyocytes that develop in human embryonic stem cell (hESC) or human-induced pluripotent stem cell (hIPSC) cultures are comparatively immature, even after prolonged culture, and differences in their calcium handling, ion channel, and force generation properties relative to adult cardiomyocytes raise concerns of improper integration and function after transplantation. Thus, the discovery of natural and novel small molecule synthetic regulators of differentiation and maturation would accelerate the development of stemcell-based myocardial therapies. Here, we document recent advances in defining natural signaling pathways that direct the multistep cardiomyogenic differentiation program and the development of small molecules that might be used to enhance differentiation as well as the potential characteristics of lead candidates for pharmaceutical stimulation of endogenous myocardial replacement.
Introduction
The minimal ability of the adult human heart to regenerate lost or damaged cardiomyocytes has led to an intense effort to direct human embryonic stem cells (hESCs) and, more recently, human-induced pluripotent stem cells (hIPSCs) to form cardiomyocytes in order to model human heart disease and develop therapies [31] . The hESC-derived cardiomyocytes resemble immature human fetal cardiomyocytes by multiple criteria, including electrophysiology [1, 20, 21] , calcium handling [1, 12, 28] , force generation [12, 21] , contractile protein expression, and myofibrillar structure [25] , and we find that cardiomyocytes from hIPSCs appear similar [19] . Because hESC-derived cardiomyocytes have the potential to engraft into surgical models of heart disease [26, 37] , they have been considered for cardiomyocyte replacement therapy and they might also shed light on regeneration from endogenous stem cell populations in the heart. Despite these encouraging advances, the use of hESC-derived cardiomyocytes for basic developmental research and large-scale applications, such as high-throughput screening, toxicology testing, and large animal studies, has been hindered by their poor yield from typically heterogeneous stem cell cultures.
In this review, we describe the developmental progression from a pluripotent hESC state to cardiomyocyte and discuss the involvement of the signaling pathways that direct the embryonic heart formation. The tight orchestration of diffusible signaling molecules and intracellular mediators that drive progression from an initial cardiac field to a functional heart tube during embryogenesis involves numerous signal transduction proteins and transcription factors that are well conserved across vertebrate and even in some invertebrate species. Judicious testing of naturally occurring, diffusible factors for stimulation of cardiomyogenesis in hESCs has led to optimized, defined conditions for production of cardiomyocytes [26, 41, 43] . Although such advances quantitatively improved the proportion of the cells that differentiate into cardiomyocytes, in most settings the percentage of cardiomyocytes in a final culture still remains less than 10%. A better understanding of the signaling pathways that control differentiation would provide the key insights that are needed to develop reagents and regimens for enhanced differentiation.
Chemical biology offers one means of discovering novel cellular signaling molecules that mediate stem cell cardiogenesis. The development of phenotypic assays that identify compounds based on the ability to stimulate stem cell cardiomyogenesis, coupled with recent advances in image cytometry and the automation of complex cell-based assays, makes it possible to screen chemical libraries in a moderately high-throughput mode. We describe the current state of assay development, screening, and the challenges inherent with identification of cellular targets along with potential strategies for target identification.
Results and Discussion

Stem Cell Cardiomyogenesis
Mimicking embryonic development during ESC differentiation has led to the use of natural inducers to successfully direct specific differentiation programs. Because these factors work optimally during certain time windows and, in some instances, antagonize cardiogenesis during other windows, the timing of the addition to push the ESC in the desired differentiation direction must be carefully worked out. Four main steps ( Fig. 1 ) are required to generate cardiomyocytes from ESCs: (1) formation of mesoderm, (2) the patterning of mesoderm toward anterior mesoderm or cardiogenic mesoderm, (3) formation of cardiac mesoderm, and (4) maturation to early cardiomyocytes. The timing of ESC differentiation to cardiac fate following these steps can be characterized by the expression of stagespecific genetic markers, such as T/Brachyury (T/Bra) for primitive streak mesoderm, Goosecoid (Gsc) and Mesoderm posterior-1 (Mesp1) for cardiogenic mesoderm, and the homeodomain transcription factor Nkx2.5 and the MADS box transcription factor Mef2c for cardiac mesoderm. Maturing cardiomyocytes can be identified by the expression of contractile proteins such as a-myosin heavy chain (aMHC) or the cardiac isoform of Troponin-T (cTnT) for the maturing cardiomyocytes.
The first step (i.e., mesoderm induction) in cardiac differentiation from ESCs has been well characterized. Numerous studies have demonstrated that Wnts, Bmps, and the transforming growth factor (TGF)b-family member Nodal (or Activin A as a mimic of Nodal) efficiently induce mesoderm [16, 27] . In addition, some of the growth factors that pattern embryonic mesoderm to yield cardiogenic mesoderm have been shown to act on mouse and human ESCs, including Nodal [8, 39, 44] , mimicking its function in the embryo.
Although some of the mechanisms that control for the next two steps in cardiac differentiation (i.e., patterning to cardiogenic mesoderm and the formation of cardiac mesoderm) have been characterized in embryos, little is known about how these mechanisms might be applied to ESC cardiogenesis. Nodal and Wnt inhibition have been found to regulate formation of cardiomyocytes in Xenopus and chick embryos [13, 14, 29, 34] and appear to be crucial for mESC differentiation to cardiomyocytes [30, 36] . Dickkopf-1 is often used as a Wnt antagonist at this stage of ESC protocols, for instance [43] . Although Wnt inhibition is required, Dkk1 was found to contain a second activity important for cardiogenesis in embryos that functions independently of inhibition of canonical Wnt/bcatenin signaling [22] through a currently uncharacterized pathway. Another important signaling pathway is mediated by the transmembrane receptor Notch, which was shown only recently to drive the induction of a combination of the growth factors Wnt5a, Bmp6, and Sfrp1, which increase the amount of cardiac progenitors from an ESC-derived mesoderm subpopulation [6] .
The next and last step in the differentiation cues to cardiomyocytes is the differentiation of committed cardiac progenitors to beating cardiomyocytes, a mechanism that often occurs spontaneously in vitro and is poorly understood but might be controlled by factors such as Wnt11 [36] .
It should be noted that in addition to recapitulating signaling that controls early events of cardiogenesis, strategies that might improve cardiomyocyte yields through stimulation of replication of committed progenitors might also be valuable. Toward this end, activation of canonical Wnt signaling was demonstrated to expand the pool of Nkx2.5
? , Isl1 ? early cardiac progenitors, providing a promising outlook to be able to increase the yields of cardiomyocytes from cardiogenic mesoderm [24, 32] . Additionally, we and others have recently demonstrated that activation of the Notch pathway in immature cardiomyocytes can prolong their period of replicative competence through the regulation of transcription and nuclear localization of D-type cyclins [5, 7] , representing another direction to increase the yield of ESC-derived cardiomyocytes.
In summary, very little is known about two crucial steps in cardiogenesis from ESC: (1) how one can promote mesendoderm to form committed cardiac mesoderm and (2) the precise factors that stimulate this tissue to give rise to cardiomyocytes. Evidently, a more in-depth understanding of these mechanisms will improve the yields of ESC-derived cardiomyocytes for large-scale and clinical applications.
Small Molecule Regulators of Cardiomyogenesis
A novel alternative to increase cardiomyocyte yields is the use of small molecules to stimulate cardiomyogenesis. In addition, unbiased screening might lead to the discovery of small molecules that activate signaling pathways that have not been linked to cardiogenesis. Thus, not only would the novel small molecules be reagents to enhance cardiomyogenesis but many might also be probes to identify cellular proteins and signaling pathways that control cardiogenesis. Advantages of small, druglike molecules include their membrane penetration, rapid activation or inhibition of targets, the reversibility of their activity, and the potential for modulating multiple targets of a particular class (e.g., broad-spectrum inhibitors as compared to more selective reagents such as siRNA). Potential targets include modulation of signaling cascades or transcription factor control of gene expression.
Small molecule screening assays can be directed at identifying compounds that target a single protein, such as modulating activity of a particular enzyme or signaling protein. These biochemical assays are usually designed with the target in solution and a direct biochemical readout (i.e., the visualization of a biological or biochemical process) that reports enzyme activity or protein-peptide interaction. Such high throughput screening (HTS) assays are read out on a plate reader, which is an instrument that measures the intensity of a fluorescent, luminescent or color signal. HTS assays are relatively easy to develop and have typically been the common form of screening in pharmaceutical settings. HTS assays can also be cell based, in which case the plate reader is typically used to measure a reporter protein (e.g., luciferase or a fluorescent protein) that reflects a biological process within the cell, such as the activity of a particular signaling pathway as read out by reporter protein expression (Fig. 2) .
In contrast to HTS, cellular screens can also be developed with end points that are quantified by image analysis. Image analysis offers the possibility of monitoring diverse cellular processes and is therefore used in assays to discover Fig. 1 Schematic overview of the sequential steps and the reported growth factors required for obtaining cardiomyocytes from ESCs. Beating cardiomyocytes can be obtained as soon as 8 days after the initiation of differentiation, going through crucial stages such as mesoderm induction, patterning of mesoderm toward the more anterior fate, specification to cardiac mesoderm, and, finally, maturation to beating cardiomyocytes. From the embryo, we know that each step is controlled by specific growth factors and some of these have been successfully applied on mouse embryonic stem cells (mESC) in specific time windows as indicated in green (pathway activation) or red (pathway inhibition) bars. Blue bars represent the ability of these factors to replicate a certain cell population. SB: SB-431542, a specific Nodal signaling inhibitor [18] Pediatr
compounds that modulate complex phenomena that cannot be reduced to a simple readout (Fig. 2) . Termed high content screening (HCS) because of the high information content that can be derived from image analysis, these assays generally are more difficult to develop because they require automated microscopy instrumentation and image algorithm development expertise. Examples of assays that are not readily quantified by plate reader measurement but are well suited to HCS include direct visualization of protein localization or translocation, alterations in the morphology of cells or subcellular structures, phagocytosis, and so forth. Automated microscopy and image analysis used in HCS also offers greater dynamic range and sensitivity than platereader-based HTS, even if the assay could be run on a plate reader. For instance, we compared the ability of commonly used plate readers versus an automated microscope to quantify cellular expression of fluorescent proteins and cellular immunostaining and found the dynamic range of plate readers to be about one-tenth that of the automated microscope in this common application [4] . Molecules, or hits, that are active in the primary screening in the Burnham Center for Chemical Genomics (http:// bccg.burnham.org), the Human Biomolecular Research Institute (http://www.hbri.org), and the Torrey Pines Institute for Molecular Studies (http://www.tpims.org) are confirmed through a dose range and prioritized according their effective concentration (EC 50 ) and selectivity in secondary assays that rule out artifactual hits-for instance, molecules that appeared active since they affected the reporter system. Desirable compounds are taken through iterations of medicinal chemistry optimization to improve chemical properties, potency, and selectivity that increase their value as selective reagents and probes. Furthermore, should the molecules target processes in the in vitro stem cell cardiogenic assays that resemble cardiogenic differentiation of endogenous stem cells, the compounds can be optimized for in vivo administration in anticipation of testing their efficacy in stimulating endogenous regeneration in animal models of heart injury. Finally, the molecules can be developed into affinity reagents for biochemical target identification in a process that has been termed chemical genomics [2, 9, 42] .
Only a few examples of chemical compound mediators of cardiogenesis have been reported, including Cardiogenols, ascorbic acid, isoxazolyl-serines, sulfonyl hydrazones, and DMSO [11, 33, 35, 38, 40] and are summarized in Table 1 . All of these molecules were identified based on their ability to upregulate late-stage markers of cardiogenesis. Whereas some clearly have many effects on cells such as DMSO and ascorbic acid [10] , others are probably more selective. Of the published compounds, only the sulfonyl hydrazones have been characterized as to their timing and potential biological mechanism of action. These appear to act early in the differentiation program and upregulate the expression of the mesoderm marker T/Bra, which was presumed to reflect an increase in the amount of mesoderm in the cultures that will ultimately lead to an increased number of cardiac cells. Not included in Table 1 are Wnt pathway agonists, such as QS11 [45] , that would be expected to induce T/Bra ? mesoderm. 
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(not precisely determined) [40] Isoxolylserines aMHC-eGFP reporter Clearly, we are at the early days of chemical biology of cardiogenesis. Little information is available regarding the biochemical or cell signaling mechanism of action of these molecules, and the actual pathways or mechanisms that they modulate to induce cardiomyocytes remain unknown. Second, if studied at all, these molecules appear to activate the early mesoderm specification program, a step that can be easily mimicked with available natural inducers [16, 33] .
A HCS for Inducers of ESC Cardiogenesis
We recently described the use of HCS to identify compounds that promote mouse ESC (mESC) cardiogenesis [3] using a modified CGR8 cell line that had been engineered to express eGFP (enhanced green fluorescent protein) under control of the aMHC promoter [35] . In this screen, images were acquired on a GE InCell1000 or a Beckman Coulter IC100 automated microscope. An image analysis algorithm was devised to quantify the integrated pixel intensity of the eGFP fluorescence within an intensity thresholded mask. The development of an imaging method to quantify eGFP ? cardiomyocytes was critical because it extended the dynamic range of the assay, overcoming the limitations of relatively high well-to-well variation in cardiomyocyte differentiation and background fluorescence in the green (eGFP) channel. This screen revealed a number of confirmed hits (to be described elsewhere), of which three structurally distinct compounds are referred in Table 1 as BIMR1-3 as examples. The compounds have been subjected to several iterations of medicinal chemistry optimization resulting in testing of several hundred analogues that yielded improvements in chemical properties, such as solubility, stability, and selectivity. The hits also appear active at early stages of differentiation and synergize with Activin/Nodal signaling to enhance cardiogenesis in a serum-free assay that has the ability to assess the activity of the molecules alone and in combination with known inducers without the confounding effects of serum factors. At least two of the hits potentiate known signaling pathways, as seen with the use of specific transcription factor response element-luciferase reporter assays that will be described elsewhere. Comparing the pathway activity and cardiogenic activity profiles across many analogues can assess the relevance of a particular activity to cardiogenesis. A concordant structure-activity relationship (SAR) profile between the pathway and cardiogenic activities would suggest that the pathway activity is indeed relevant, whereas discordant SAR profiles would suggest that the pathway activity is not important for the cardiogenic activity. In this way, we were able to rule out Wnt pathway synergy as relevant for one of the compounds (BIMR-1), as analogues could be found that have substantial cardiogenic activity with no Wnt synergist activity, demonstrating that the two activities can be separated by chemistry.
Conclusion
The compounds in Table 1 represent the emerging chemical biology of stem cell cardiogenesis. There are two major challenges for advancing the field. The first is the development of focused assays that target specific steps in cardiomyogenesis. Differentiation is a complex, multistep process and small molecules are likely to target single pathways relevant to differentiation. Thus, complete coverage of the developmental program will require assays that focus on stimulating the progression from individual progenitors to the next step in the program. Therefore, elucidation of the progenitors through biomarkers, combined with the incorporation of these cells in new assays that focus on the critical steps in the differentiation program, will improve the likelihood of obtaining the most valuable molecules. The second challenge is to identify the cellular targets of the molecules. Affinity as well as systems biology approaches are ongoing in our laboratory to map the signaling pathways affected by our compounds. Finally, a promise of chemical screening is that certain of the hits might be developed into drugs to enhance endogenous regeneration. Although endogenous cardiomyocyte regeneration is limited (see, for instance, [15, 17, 23] ), certain of the pathways that control the size or differentiation potential of endogenous progenitor pools might overlap with those that regulate ESC cardiomyogenesis-in particular, the later steps involving committed precursors. In this regard, it is encouraging that we observe structural similarities between some of our hits and known drugs that might be exploited in the development of drug leads. For example, one of the compounds found to stimulate cardiogenesis in our screens is itself a Food and Drug Administration-approved drug, and its desirable pharmacological and pharmaceutical properties can be exploited in developing the compound for the ability to stimulate endogenous regeneration.
